Abstract: Cast duplex stainless steel (CDSS) components suffer embrittlement after long-term thermal aging. The deformation and fracture behaviors of un-aged and thermally aged (at 400 • C for 20,000 h) CDSS were investigated using in situ scanning electron microscopy (SEM). The tensile strength of CDSS had a small increase, and the tensile fracture changed from ductile to brittle after thermal aging. Observations using in situ SEM indicated that the initial cracks appeared in the ferrite perpendicular to the loading direction after the macroscopic stress exceeded a critical value. The premature fracture of ferrite grains caused stress on the phase boundaries, leading the cracks to grow into austenite. The cleavage fracture of ferrite accelerated the shearing of austenite and reduced the plasticity of the thermally aged CDSS.
Introduction
Cast duplex stainless steel (CDSS), widely used in pressure water reactors (PWRs) as the primary circuit piping and the reactor coolant pump casing, is sensitive to thermal aging embrittlement after long-term service [1] [2] [3] [4] [5] [6] . This embrittlement causes a degradation in the mechanical properties of CDSS, such as impact toughness, tensile properties, and fatigue properties [7] [8] [9] [10] [11] [12] [13] . Spinodal decomposition in ferrite is considered to be the primary mechanism of thermal aging embrittlement, which has been widely investigated by transition electron microscopy (TEM) [3, 7, 8, [12] [13] [14] [15] and atom probe tomography (APT) [2, 7, 14, [16] [17] [18] .
While it has not resulted in any reported problems, thermal aging embrittlement of CDSS components may become an issue when the service lifetimes of PWRs extend to 60 years or even 80 years. It is customary to simulate metallurgical reactions by accelerated aging at or near 400 • C because realistic aging of a component for end-of-life or life-extension conditions at service temperature cannot be produced [1] . The mechanisms of thermal aging embrittlement have been confirmed to be identical to accelerated aging and reactor operating conditions according to previous studies [2, 4, 11] .
Thermal aging causes severe hardening in ferrite [3, 7, 18] , leading to deformation heterogeneity between ferrite and austenite in the aged CDSS. As a result, the stress and strain repartition of the two phases may play an important role in the fracture process [19] . The hardened ferrite and stress phase boundary may act as the site of crack initiation. Studies on local approaches to fracture have been 
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Microstructure Observation
The EBSD orientation map is shown in Figure 2a , and the insert depicts the orientation of each grain. The phase map, shown in Figure 2b , shows the duplex structure of austenite (blue) and ferrite (red). As a cast material, austenite in the present studied CDSS has a very large grain size of several hundred microns, and the ferrite islands with much smaller sizes distribute within the austenite matrix. The ferrite islands within different austenite grains may have the same orientation, which is marked by the arrows in the same directions in Figure 2a . The volume fraction of ferrite was evaluated as 12% using optical metallography. 
Thermal-Aging-Induced Mechanical Property Changes
The tensile properties and hardness in both phases of the un-aged and long-term thermally aged steels are shown in Table 1 . Both the yield strength (YS) and ultimate tensile strength (UTS) increased by approximately 15%, and the plasticity decreased by 21% after thermal aging at 400 °C for 20,000 h. Table 1 also lists the Vickers hardness of austenite and ferrite in both the un-aged and aged CDSS. For the un-aged specimen, both the austenitic and ferritic phases had almost the same hardness. After aging at 400 °C for 20,000 h, the hardness in austenite remained unchanged, but ferrite hardness had 
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Thermal-Aging-Induced Mechanical Property Changes
The tensile properties and hardness in both phases of the un-aged and long-term thermally aged steels are shown in Table 1 . Both the yield strength (YS) and ultimate tensile strength (UTS) increased by approximately 15%, and the plasticity decreased by 21% after thermal aging at 400 • C for 20,000 h. Table 1 also lists the Vickers hardness of austenite and ferrite in both the un-aged and aged CDSS. For the un-aged specimen, both the austenitic and ferritic phases had almost the same hardness. After aging at 400 • C for 20,000 h, the hardness in austenite remained unchanged, but ferrite hardness had a Metals 2019, 9, 258 4 of 9 drastic increase of approximately 140%. This indicates that the increase in strength and decrease in ductility of CDSS after thermal aging is closely related to the severe hardening in ferrite.
The impact properties, hardness, and tensile properties of the CDSS during thermal aging were studied in our previous study, and we found that the impact energy and the hardness in ferrite significantly changed in the early stage and then became saturated, while the tensile properties had no such dramatic change after thermal aging [3, 22] . Although the mechanical properties of the material aged for 3000 h were similar to those of materials aged for 20,000 h, the cleavage facets of the brittle ferrite phases were only observed on the tensile fracture surface of the material thermally aged for 20,000 h, indicating that the behaviors of crack initiation and propagation in the material aged for 20,000 h are quite different to those of the materials aged for less time [22] . To observe the crack initiation and propagation in the long-term thermally aged material during tensile loading, the material aged for 20,000 h was selected to carry out this work using an in situ SEM. Figure 3a,c shows the macroscopic and microscopic morphologies of the fracture surfaces of the un-aged specimen. The homogeneous distribution of fine dimples is a typical ductile fracture characteristic, indicating that there is no difference in the deformation ability of ferrite and austenite in the un-aged CDSS. In stark contrast, the fracture surfaces of the long-term thermally aged specimen show the mixed features of brittle cleavages in ferrite and ductile shearing in austenite, as shown in Figure 3b ,d. As cleavage is the mechanism of brittle trans-granular fracture, and occurs through the cleaving of the crystals along crystallographic planes, the appearance of typical cleavage facets are the flat areas on the fracture surface. Therefore, the brittle cleavage areas can be easily distinguished from the other areas by their flat feathers, as shown in Figure 3d , marked by dashed lines. Hardening in ferrite caused by thermal aging is considered to destroy the deformation compatibility between the two phases in CDSS. The deterioration of plastic deformation capacity during the aging process makes ferrite prone to brittle fracture.
Metals 2019, 9, x FOR PEER REVIEW 4 of 9 a drastic increase of approximately 140%. This indicates that the increase in strength and decrease in ductility of CDSS after thermal aging is closely related to the severe hardening in ferrite. The impact properties, hardness, and tensile properties of the CDSS during thermal aging were studied in our previous study, and we found that the impact energy and the hardness in ferrite significantly changed in the early stage and then became saturated, while the tensile properties had no such dramatic change after thermal aging [3, 22] . Although the mechanical properties of the material aged for 3000 h were similar to those of materials aged for 20,000 h, the cleavage facets of the brittle ferrite phases were only observed on the tensile fracture surface of the material thermally aged for 20,000 h, indicating that the behaviors of crack initiation and propagation in the material aged for 20,000 h are quite different to those of the materials aged for less time [22] . To observe the crack initiation and propagation in the long-term thermally aged material during tensile loading, the material aged for 20,000 h was selected to carry out this work using an in situ SEM. Figure 3a,c shows the macroscopic and microscopic morphologies of the fracture surfaces of the un-aged specimen. The homogeneous distribution of fine dimples is a typical ductile fracture characteristic, indicating that there is no difference in the deformation ability of ferrite and austenite in the un-aged CDSS. In stark contrast, the fracture surfaces of the long-term thermally aged specimen show the mixed features of brittle cleavages in ferrite and ductile shearing in austenite, as shown in Figure 3b ,d. As cleavage is the mechanism of brittle trans-granular fracture, and occurs through the cleaving of the crystals along crystallographic planes, the appearance of typical cleavage facets are the flat areas on the fracture surface. Therefore, the brittle cleavage areas can be easily distinguished from the other areas by their flat feathers, as shown in Figure 3d , marked by dashed lines. Hardening in ferrite caused by thermal aging is considered to destroy the deformation compatibility between the two phases in CDSS. The deterioration of plastic deformation capacity during the aging process makes ferrite prone to brittle fracture. 
In Situ SEM Observation of Crack Initiation in the Aged CDSS
In situ SEM observation during tensile loading was conducted in the long-term thermally aged CDSS and the microstructural evolution is shown in Figure 4 . Some images are selected at specific strains (9%, 14%, 20%, 30%, and rupture, corresponding to B, C, D, E, and F in Figure 4a , respectively) to show the stages of crack initiation, propagation, and final rupture.
At the stage of low strain, no visible plastic deformation features were observed. Both ferrite and austenite appeared to be flat and smooth, and the two phases could not be distinguished from each other. When strain increased to 9%, deformation characteristics could be seen (as in Figure 4b ) and the ferrite phases became slightly concave. The first crack (marked as Crack 1) in the tensile process initiated in ferrite and propagated within the ferrite grain along the direction perpendicular to stress, as shown in Figure 4c . Although the ferrite phases become very brittle after long-term thermal aging, the fracture of ferrite underwent a two-step process of crack initiation and propagation. Long-strip ferrite phases could not complete fracture-like particles after the crack initiation. Further increases in strain caused another crack in ferrite (marked as Crack 2), as shown in Figure 4d ; Crack 1 and Crack 2 were arranged in parallel. After long-term thermal aging, ferrite became brittle but austenite remained ductile. During tensile loading, the austenite matrix deformed easily and bore most of the plastic deformation. As the ferrite phases became brittle and hard to deform, the phase boundaries between austenite and ferrite accumulated more stress with increasing plastic deformation. When this concentrated stress exceeded the cleavage stress of ferrite, cracks formed in the brittle ferrite. The cracks in ferrite mainly formed in the B-C-D stage, as shown in Figure 4a , and this suggests that the critical cleavage fracture stress of ferrite in the long-term thermally aged CDSS was approximately 400-500 MPa.
After the cracks extended throughout the ferrite grains, the increase in stress pulled the cracks open and caused considerably greater stress on the phase boundaries of ferrite and austenite, as shown in Figure 4e . The preferential propagation path of the primary crack for the thermally aged CDSS linked the prior cracks in ferrite. As seen from the surface morphologies after rupturing in Figure 4f , these prior cracks (e.g., Crack 1 and 2) were very close to the fracture surface.
After the cracks extended throughout the ferrite grains, the increase in stress pulled the cracks open and caused considerably greater stress on the phase boundaries of ferrite and austenite, as shown in Figure 4e . The preferential propagation path of the primary crack for the thermally aged CDSS linked the prior cracks in ferrite. As seen from the surface morphologies after rupturing in Figure 4f , these prior cracks (e.g., Crack 1 and 2) were very close to the fracture surface. 
TEM Observation of Deformed Microstructures in the Aged CDSS
The transition from ductile to brittle in ferrite of the aged CDSS, as well as its severe hardening, is caused by nanoscale metallurgical reactions, including spinodal decomposition and G-phase precipitation in ferrite, which were systematically characterized by Atom probe tomography (APT) and Metals 2019, 9, 258 6 of 9 TEM in our previous research [3, 18, 23] . The deformed microstructures of the aged CDSS were observed by TEM, which enabled us to study the interactions between these precipitates and dislocations. The TEM foil of the long-term thermally aged material was prepared by an FIB system from the tensile sample near the fracture. This TEM sample contained both ferrite and austenite, and the SEM and TEM images of the overall morphology are shown in Figure 5a ,b. There was no precipitation and only a few dislocations in austenite, as shown in Figure 5c . By contrast, intensive precipitates and dislocations were observed in ferrite. The dislocation-precipitate interactions (Figure 5d ) indicate that the dislocation motion is hindered, which makes ferrite in the aged CDSS hard and brittle.
The transition from ductile to brittle in ferrite of the aged CDSS, as well as its severe hardening, is caused by nanoscale metallurgical reactions, including spinodal decomposition and G-phase precipitation in ferrite, which were systematically characterized by Atom probe tomography (APT) and TEM in our previous research [3, 18, 23] . The deformed microstructures of the aged CDSS were observed by TEM, which enabled us to study the interactions between these precipitates and dislocations. The TEM foil of the long-term thermally aged material was prepared by an FIB system from the tensile sample near the fracture. This TEM sample contained both ferrite and austenite, and the SEM and TEM images of the overall morphology are shown in Figure 5a ,b. There was no precipitation and only a few dislocations in austenite, as shown in Figure 5c . By contrast, intensive precipitates and dislocations were observed in ferrite. The dislocation-precipitate interactions ( Figure  5d ) indicate that the dislocation motion is hindered, which makes ferrite in the aged CDSS hard and brittle. The ferrite morphologies in the undeformed and deformed steel that were thermally aged at 400 °C for 20,000 h were observed and compared by HRTEM, as shown in Figure 6 . G-phases can be clearly observed in the HRTEM image and the corresponding fast Fourier transform (FFT) patterns, as shown in Figure 6a ,b. However, in the ferrite of the deformed sample, G-phases cannot easily be distinguished from Figure 6c ,d.
It is well known that ferrite spinodally decomposes into coherent Cr-enriched and Cr-depleted domains after long-term thermal aging [2] [3] [4] [7] [8] [9] . As the modulated structures had very close lattice parameters, showing the continuity of the crystal lattices, as in Figure 6a , they could not be distinguished by TEM or HRTEM. APT has been widely used to characterize the spinodal decomposition in Fe-Cr alloys and ferrite in CDSS, and the average size of the Cr-enriched and Crdepleted domains was estimated to be approximately 7 nm for CDSS that was thermally aged for 20,000 h [18] . The Young's modulus and shear modulus of pure Cr are higher than those of pure iron, and in the alloys they increase with increasing Cr content [19] . The different moduli between Crenriched and Cr-depleted domains caused deformation incompatibility on the nanometer scale, forming many regions with different orientations, as shown in Figure 6c ,d. The ferrite morphologies in the undeformed and deformed steel that were thermally aged at 400 • C for 20,000 h were observed and compared by HRTEM, as shown in Figure 6 . G-phases can be clearly observed in the HRTEM image and the corresponding fast Fourier transform (FFT) patterns, as shown in Figure 6a ,b. However, in the ferrite of the deformed sample, G-phases cannot easily be distinguished from Figure 6c ,d.
It is well known that ferrite spinodally decomposes into coherent Cr-enriched and Cr-depleted domains after long-term thermal aging [2] [3] [4] [7] [8] [9] . As the modulated structures had very close lattice parameters, showing the continuity of the crystal lattices, as in Figure 6a , they could not be distinguished by TEM or HRTEM. APT has been widely used to characterize the spinodal decomposition in Fe-Cr alloys and ferrite in CDSS, and the average size of the Cr-enriched and Cr-depleted domains was estimated to be approximately 7 nm for CDSS that was thermally aged for 20,000 h [18] . The Young's modulus and shear modulus of pure Cr are higher than those of pure iron, and in the alloys they increase with increasing Cr content [19] . The different moduli between Cr-enriched and Cr-depleted domains caused deformation incompatibility on the nanometer scale, forming many regions with different orientations, as shown in Figure 6c ,d. The lattice images of the special direction can be obtained by filtering in the corresponding FFT patterns. The region of the lattice image and its corresponding FFT pattern from the same orientation were marked in the same color, as shown in Figure 7 . These regions with different orientations formed under severe deformation in the tensile process, and they had almost the same dimension as the spinodal structures of Cr-enriched and Cr-depleted domains. 
Fracture Mechanism of the Thermally Aged CDSS
After in situ SEM tensile testing, the surface morphologies of the fractured samples were also observed by SEM to investigate the crack propagation process. As shown in Figure 8a , the two phases of ferrite and austenite in the un-aged CDSS had almost the same deformation features, indicating that they had similar deformation ability. Voids initiated at inclusions, marked by solid arrows in Figure 8a , and their growth and coalescence led to ductile fracture. The halves of these voids are represented as dimples on the fracture surface, as shown in Figure 3a .
For the aged CDSS, the in situ SEM results showed the initiation and propagation of cracks within ferrite. Figure 8b shows the further extension of cracks from ferrite to austenite. The stress was released when the crack propagated throughout the ferrite grain. When the propagation of the crack encountered a phase boundary, stress concentrated on this phase boundary (marked by a solid arrow in Figure 8b) , and caused the beginning of cracks in austenite. With increasing applied stress, a large The lattice images of the special direction can be obtained by filtering in the corresponding FFT patterns. The region of the lattice image and its corresponding FFT pattern from the same orientation were marked in the same color, as shown in Figure 7 . These regions with different orientations formed under severe deformation in the tensile process, and they had almost the same dimension as the spinodal structures of Cr-enriched and Cr-depleted domains. The lattice images of the special direction can be obtained by filtering in the corresponding FFT patterns. The region of the lattice image and its corresponding FFT pattern from the same orientation were marked in the same color, as shown in Figure 7 . These regions with different orientations formed under severe deformation in the tensile process, and they had almost the same dimension as the spinodal structures of Cr-enriched and Cr-depleted domains. 
For the aged CDSS, the in situ SEM results showed the initiation and propagation of cracks within ferrite. Figure 8b shows the further extension of cracks from ferrite to austenite. The stress was released when the crack propagated throughout the ferrite grain. When the propagation of the crack encountered a phase boundary, stress concentrated on this phase boundary (marked by a solid arrow in Figure 8b) , and caused the beginning of cracks in austenite. With increasing applied stress, a large 
For the aged CDSS, the in situ SEM results showed the initiation and propagation of cracks within ferrite. Figure 8b shows the further extension of cracks from ferrite to austenite. The stress was released when the crack propagated throughout the ferrite grain. When the propagation of the crack encountered a phase boundary, stress concentrated on this phase boundary (marked by a solid arrow in Figure 8b) , and caused the beginning of cracks in austenite. With increasing applied stress, a large number of cracks grew into austenite. When some of these cracks were connected to each other, a primary crack formed, which further caused the rupture of the aged CDSS.
After long-term thermal aging, the ferrite in CDSS decomposed into two kinds of coherent and interconnected regions with different chemical compositions and mechanical properties. Due to the deformation incompatibility of these domains, dislocations in ferrite were severely hampered, resulting in the reduction of plastic deformation ability. When the stress concentration in ferrite rose to a certain level, the initiation and propagation of cracks occurred throughout the ferrite. The local stress was released when the crack propagated throughout the ferrite grain. Further extension of the crack in ferrite was hindered by the phase boundary where the stress was most concentrated, which caused the initiation of cracks in austenite. The prior fracture of ferrite accelerated the shearing of austenite and reduced the plasticity of the thermally aged CDSS. number of cracks grew into austenite. When some of these cracks were connected to each other, a primary crack formed, which further caused the rupture of the aged CDSS. After long-term thermal aging, the ferrite in CDSS decomposed into two kinds of coherent and interconnected regions with different chemical compositions and mechanical properties. Due to the deformation incompatibility of these domains, dislocations in ferrite were severely hampered, resulting in the reduction of plastic deformation ability. When the stress concentration in ferrite rose to a certain level, the initiation and propagation of cracks occurred throughout the ferrite. The local stress was released when the crack propagated throughout the ferrite grain. Further extension of the crack in ferrite was hindered by the phase boundary where the stress was most concentrated, which caused the initiation of cracks in austenite. The prior fracture of ferrite accelerated the shearing of austenite and reduced the plasticity of the thermally aged CDSS.
Conclusions
The in situ SEM technique was used to investigate the deformation and fracture behavior of long-term thermally aged duplex stainless steel. After thermal aging at 400 °C for 20,000 h, the yield stress and ultimate tensile stress of CDSS exhibited a small increase, while the tensile fracture changed from ductile to brittle. Hardening in ferrite was caused by the spinodal decomposition into coherent and interconnected regions with different chemical compositions and mechanical properties. The deformation incompatibility of Cr-enriched and Cr-depleted domains resulted in the concentration of stress and the initiation and propagation of cracks in ferrite. The initial cracks first propagated throughout the ferrite grains and then generated stress concentrates on the phase boundaries, which caused the initiation of cracks in austenite. The aged CDSS finally ruptured by connecting these pre-existing cracks in ferrite. 
The in situ SEM technique was used to investigate the deformation and fracture behavior of long-term thermally aged duplex stainless steel. After thermal aging at 400 • C for 20,000 h, the yield stress and ultimate tensile stress of CDSS exhibited a small increase, while the tensile fracture changed from ductile to brittle. Hardening in ferrite was caused by the spinodal decomposition into coherent and interconnected regions with different chemical compositions and mechanical properties. The deformation incompatibility of Cr-enriched and Cr-depleted domains resulted in the concentration of stress and the initiation and propagation of cracks in ferrite. The initial cracks first propagated throughout the ferrite grains and then generated stress concentrates on the phase boundaries, which caused the initiation of cracks in austenite. The aged CDSS finally ruptured by connecting these pre-existing cracks in ferrite.
